The complete genomes of Enterococcus faecalis bacteriophages were analyzed for tetranucleotide words avoidance. Very similar tetranucleotide composition was found in all tested genomes with strong underrepresentation of palindromic GATC and GGCC words. This avoidance could be explained as a protection mechanism against host restriction-modification systems as a clear correlation was found between avoidance of palindromic words and the specificity of E. faecalis restriction and modification systems. No similar avoidance of tetranucleotide words was observed for non-palindromic words. A weak correlation was observed between avoidance of tetranucleotide palindromes in bacteriophage genomes and the possession of phage encoded DNA methyltransferases confirming the interrelation between bacteriophage genomes composition and restriction and modification systems in enterococci.
Introduction
Type II restriction-modification systems entail a DNA methyltransferase and an endonuclease of the same recognition sequence specificity. The endonuclease digests foreign DNA that enters the cell, thereby protecting the bacteria from genetic subversion. The methylase modifies the cell's DNA, thereby protecting it from similar digestion. It is generally accepted that restriction systems in bacteria primarily act to protect the organism from foreign DNA, particularly from infection by bacteriophages (BICKLE and KRUGER, 1993) . Bacteriophages on other hand have evolved antirestriction mechanisms, encode for their own methyltransferases, and are frequently deficient in recognition sites for restriction endonucleases (SAMSON et al., 2013) . The aim of our study was to analyze the tetranucleotide composition of enterococcal bacteriophage genomes, to analyze the effect of phage encoded modification methyltransferases on avoidance of tetranucleotides, and to compare the frequency and variability of restriction endonucleases encoded by enterococci.
Enterococci are ubiquitous bacteria present in the environment, in the gastrointestinal tract of healthy animals and humans, and in foods, especially those of animal origin such as dairy products (GIRAFFA, 2003) . Enterococci entry into milk and milk products through the water supply, equipment, and unsanitary and unhygienic conditions during production and handling. In milk products, they are used as probiotics resulting in positive effects on human digestibility. Thanks to the efficient utilisation of organic acids, enterococci contribute to the development of unique sensory characteristics in fermented dairy products. In contrast to these positive roles, some enterococcal strains were suspected to have pathogenic properties for humans (HUNT, 1998) . Enterococcal bacteriophages with very effective bactericidal activity are potentially used as novel antibacterial agents to control enterococcal infections (DERESINSKI, 2009) , however in dairy industry the bacteriophage infections result in unacceptably low production of lactic acid and flavour compounds along with reduced proteolysis and led to the major losses in fermentation processes (MC GRATH et al., 2007) . Better understanding of bacteriophage genetics and biology could improve this dual role of enterococcal bacteriophages.
We have used Markov chain analysis to evaluate which nucleotide DNA words are over-or underrepresented in the genomes of E. faecalis bacteriophages. Markov analysis seems to be the most widely used to evaluate palindrome distribution (PANINA et al., 2000) . Briefly, using this model it is possible to calculate how often a word should appear in a sequence on the basis of knowledge of the distribution of the word's fragments. Under the maximum applicable order of the Markov model, the expected count of a particular tetranucleotide (K), e.g. GATC sequence, is defined as:
where N (GAT) , N (ATC) and N (AT) are the observed counts of oligonucleotides. Similar formulas have been widely used (FUGLSANG, 2003) . This number can then be compared with the actual count of the word in the sequence. However, the difference itself does not tell to what extent a word is over-or underrepresented. For this purpose, the normalized statistic Z is used, as proposed by SCHBATH (1997) , and used by others for similar purposes. Z (contrast value) is positive for overrepresented words and negative for underrepresented words, and is calculated as:
where n is number of nucleotides in analysed sequence and the variance V (GATC) is calculated as:
Based on the normalized nature of Z, the probability of random observation of |Z| > 3.29 is <0.001.
The data obtained indicate strong underrepresentation of palindromic tetranucleotides in E. faecalis bacteriophage sequences which could be probably explained as a protection mechanism against host restriction-modification systems.
Materials and methods
Complete genome sequences of E. faecalis bacteriophages and E. faecalis genome (RefSeq accession number NC_004668) were taken from the RefSeq NCBI Reference Sequence Database available at http://www.ncbi.nlm.nih.gov/refseq/. The presence (marked as Y in Table 1 ) or absence (marked as N in Table 1 ) of modification methyltransferase in the genomes of bacteriophages was taken from annotations available in RefSeq database. For the list of bacteriophage sequences used through the study see Table 1 . The frequency of restriction endonucleases in E. faecalis was taken from Rebase database (ROBERTS et al., 2010) . Tetranucleotide counts, Z score values, and the Pearson's correlation coefficients were calculated using Tetra software (TEELING et al., 2004) .The matrix of correlation coefficients was converted into distance matrix using DAMBE software version 5 and similarity dendrogram was constructed using Neighbor-Joining algorithm implemented in the software (XIA, 2013) . Statistica® software package (StatSoft, Tulsa, Oklahoma) was used to compare the Z (contrast value) distribution between datasets using Pearson's correlation coefficient.
Results and discussion
Bacteriophages, although simple in organization, are the most diverse life forms in the biosphere (ACKERMANN and KROPINSKI, 2007) . Bacteriophage life cycle completely relies on bacterial host. During the lytic cycle, bacteriophage infection redirects host metabolism towards the replication of the phage nucleic acid and assembly of new phage particles, which are then released upon cell death and lysis. The bacteriophages thus have an important role in bacterial evolution and have led to a great variety of defense mechanisms. Bacteriophages, for their part, have developed counter defense mechanisms to evade the bacterial defense mechanisms (SAMSON et al., 2013) . One of the best studied systems to protect bacteria form invading bacteriophages is the possession of restriction-modification systems. These systems entail a DNA methyltransferase and an endonuclease of the same recognition sequence specificity. The endonuclease recognizes short, usually palindromic oligonucleotides and digests bacteriophage DNA that enters the cell, thereby protecting the bacteria from genetic subversion. The methylase modifies the cell's DNA, thereby protecting it from similar digestion (WILSON, 1991) . Bacteriophages have developed antirestriction systems and are frequently deficient in oligonucleotides recognized by restriction endonucleases. Bacteriophages changed their genomes by adopting point mutations which reduce the number of restriction sites (TOCK and DRYDEN, 2005) .
Using TETRA software palindrome deficiency in genomes of all available enterococcal bacteriophages was analyzed. A very similar pattern of palindrome avoidance was observed in genomes of enterococcal bacteriophages as well as in E. faecalis genome. While the frequencies of all tetranucleotide words were found to be normally distributed around Z value 0, frequencies of palindromes were found to be strongly underrepresented in both bacteriophage and E. faecalis genomes (Fig. 1) . For bacteriophages Z values of tetranucleotide palindromes were in range from 7.51 to -27.68. Average Z value of tetranucleotide palindromes for all bacteriophages were in range from -2.77 to -12.09, indicating strong underrepresentation of tetranucleotide palindrome words in genomes of E. faecalis bacteriophages. The most underrepresented word in all but one tested bacteriophage genome was GATC word (average Z value -12.09, see Table 1 ). Several authors showed that the lowest contrast values show palindromes which serve as a recognition sites of most frequently occurring endonucleases. ROCHA et al. (1998) , reported that GATC and GGCC palindromes are between 6 the most underrepresented tetranucleotide palindromes in complete genome of Bacillus subtilis. Surprisingly, much higher degree of tetranucleotide palindrome avoidance was observed in the genome of E. faecalis V583 compared to bacteriophage genomes (Table 2) . While average Z score observed for bacteriophage genomes was -3.70 much lower Z score (-30.55) was observed for E. faecalis V583 chromosome. However a correlation was observed between Z values of bacteriophages and chromosome (Pearson Correlation Coefficient R=0.68). GATC and GGCC tetranucleotide palindromes are among 4 the most underrepresented words in both genomes. Clear correlation was observed between the word avoidance and the existence of restrictionmodification systems with given specificity (Table 2) . From the E. faecalis bacterium restriction endonucleases recognizing GATC, GGCC, CCGG, and CGCG tetranucleotide are described (VANAT et al., 1993; RADLINSKA et al., 2005;  anonymous at rebase.neb.com, and our unpublished data) and these 4 tetranucleotide words are the most underrepresented in the genome of E. faecalis. These 4 words show the lowest Z score compared to other words as well. Significant underrepresentation of other tetranucleotide words was observed in the genome of E. faecalis V583 indicating that much higher number of restriction-modification systems than currently known has occurred in the genome of the E. faecalis, each of them leaving a trace of underrepresentation of a short palindrome. Table 2 . Correlation between the frequency of tetranucleotide palindromes in the genomes of E. faecalis bacteriophages and E. faecalis V583 complete genome and frequency of restriction-modification systems in E. faecalis.
a -denotes lack of RMS, + the presence of RMS Bacteriophages frequently employ additional strategies to overcome host restriction and modification systems e.g. site specific modification of the phage genome by bacteriophage encoded modification methyltransferases (SAMSON et al., 2013) . Among E. faecalis bacteriophages modification methyltransferase was found in the genomes of 5 from 10 tested bacteriophages (Table 1) .
Based on degree of 4 bp palindromes avoidance the matrix of similarity coefficients between all pairs of bacteriophage genomes was constructed and the similarity tree was constructed indicating that bacteriophages encoding Fig. 2 ) have slightly different 4 bp palindrome composition. While average Z score of palindrome avoidance in bacteriophages possessing modification methyltransferase was -3.31, Z score in bacteriophages lacking modification methyltransferase was -3.99. This is probably due to protective effect of methyltransferases and decreased pressure on avoidance of tetranucleotide words. 
Conclusions
Strong underrepresentation of palindromic tetranucleotide words was observed in genomes of Enterococcus faecalis bacteriophages and host bacterium. The most underrepresented are GATC and GGCC words. This avoidance could be explained as a protection mechanism against host restriction-modification systems as a clear correlation was found between avoidance of palindromic words and the specificity of E. faecalis restriction-modification systems. No similar avoidance of tetranucleotide words was observed for non-palindromic words. A weak correlation was observed between avoidance of tetranucleotide palindromes in bacteriophage genomes and the possession of phage encoded DNA methyltransferases confirming the interrelation between bacteriophage genomes composition and restriction-modification systems in enterococci.
